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Summary

 

• Here we examined several physiological properties of two near-isogenic lines of durum
wheat (

 

Triticum turgidum

 

 var. 

 

durum

 

) that differ in grain cadmium accumulation, to
identify the function of a gene locus that confers differential grain Cd concentrations.
• Time- and concentration-dependent uptake and translocation studies using 

 

109

 

Cd
were conducted on nutrient solution-grown seedlings. Root extracts were analysed
by inductively coupled plasma emission spectrometry, gel filtration and capillary
electrophoresis to determine the interaction between Cd and phytochelatins (PCs)
in storage of Cd in roots.
• The two isolines did not differ in time- or concentration-dependent root Cd
uptake, but the low grain-Cd-accumulating isoline showed decreased movement of
Cd from roots to shoots. All buffer-soluble Cd extracted from roots of both isolines
was in the form of a low-molecular-weight PC-containing complex.
• The data suggest that PC synthesis is not a limiting factor in the differential storage
of Cd in roots, and that movement of Cd through the root and into the transpiration
stream may be the cause of differential Cd partitioning in the two isolines.
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Introduction

 

Durum wheat (

 

Triticum turgidum

 

 var. 

 

durum

 

) is one of several
crops that tend to accumulate relatively high concentrations
of cadmium in plant tissues when grown in soils that contain
elevated levels of that toxic metal. Because Cd represents a
potential health threat to consumers, international trade
organizations have sought to limit the acceptable concentra-
tion of Cd in edible crops sold in international markets.
The Codex Alimentarius Commission (2005) has proposed
maximum levels of 0.2 mg kg

 

−

 

1

 

 Cd for wheat grain. Grain Cd
concentrations in durum wheat grown in the Great Plains of
North America, where soils can be naturally enriched in Cd

from shale parent rock (Moran 

 

et al

 

., 1976), have been reported
to exceed this concentration (Li 

 

et al

 

., 1997; Norvell 

 

et al

 

.,
2000). Thus, to ensure the safety and marketability of durum
wheat grown in these productive soils, it is important to
elucidate the mechanisms controlling Cd accumulation in
edible portions of crop plants.

To understand the physiology of Cd accumulation in
durum wheat grain, it is helpful to trace the pathway of metal
movement from soil to the reproductive parts of the plant.
Because the chemical properties of zinc and Cd are similar, the
pathway of Zn (an essential micronutrient) may serve as a pre-
dictive map for the movement of Cd within the plant. Uptake
of Cd from soil solution occurs via a transport system in the
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plasma membrane of root cells that normally functions to
take up Zn (Hart 

 

et al

 

., 1998b; Hacisalihoglu 

 

et al

 

., 2001).
Like Zn, Cd transport across the plasma membrane is a
saturable process (Hart 

 

et al

 

., 1998a), and uptake competition
between the two metal ions has been demonstrated (Hart

 

et al

 

., 2002b). After it has been absorbed by root cells, Zn
may be incorporated into enzymes and low-molecular-weight
organic compounds (Longnecker & Robson, 1993). Substi-
tution of Cd for Zn in these components can lead to phyto-
toxicity (Van Assche & Clijsters, 1990). Cadmium that is not
bound or incorporated into cell constituents may be stored in
root-cell vacuoles (Salt & Wagner, 1993; Ortiz 

 

et al

 

., 1995),
or transported to shoots in the transpiration stream of the
xylem ( Jalil 

 

et al

 

., 1994; Salt 

 

et al

 

., 1995). Movement of Cd into
developing grains occurs via phloem, probably by retransloca-
tion from leaves and stems (Herren & Feller, 1997). This process
can be inhibited by Zn (Herren & Feller, 1997), which exhibits
a similar pattern of movement from vegetative to reproductive
parts (Herren & Feller, 1996).

This study was designed to examine the potential role of
root Cd uptake, translocation to the shoot, and storage in the
root in the ultimate accumulation of Cd in durum wheat
seed. Two near-isogenic lines of durum wheat that differ in
grain Cd accumulation were grown in solution culture con-
taining low concentrations of Cd to mimic the levels found in
soil solution under field conditions. The results showed that
differential grain Cd accumulation in the two isolines can be
explained by differential Cd translocation to the shoot, and
that the Cd remaining in roots is stored as a complex with
phytochelatins.

 

Materials and Methods

 

Plant growth

 

The near-isogenic durum wheat lines W9262-339A-H (AH)
and W9262-339A-L (AL) (Clarke 

 

et al

 

., 1997), which differ
in grain Cd concentration, were used in these experiments.
Plants were grown in solution culture as described previously
(Hart 

 

et al

 

., 2005). Briefly, seeds were surface sterilized, imbibed
overnight and placed on moistened filter paper in a Petri dish.
Germinated seeds were transferred to polyethylene film cups
and covered with polyethylene beads. Cups containing germin-
ated seeds were positioned in holes cut into light-tight lids of
5-l pots filled with complete nutrient solution. The nutrient
solution consisted of 1 m

 

M

 

 KNO

 

3

 

, 1 m

 

M

 

 Ca(NO

 

3

 

)

 

2

 

, 50 µ

 

M

 

NH

 

4

 

H

 

2

 

PO

 

4

 

, 250 µ

 

M

 

 MgSO

 

4

 

, 100 µ

 

M

 

 NH

 

4

 

NO

 

3

 

, 50 µ

 

M

 

KCl, 12.5 µ

 

M

 

 H

 

3

 

BO

 

3

 

, 0.1 µ

 

M

 

 H

 

2

 

MoO

 

4

 

, 0.1 µ

 

M

 

 NiSO

 

4

 

,
0.4 µ

 

M

 

 MnSO

 

4

 

, 1.6 µ

 

M

 

 CuSO

 

4

 

, 96 µ

 

M

 

 Fe(NO

 

3

 

)

 

3

 

, 118 µ

 

M

 

N

 

-(2-hydroxyethyl)ethylenediaminetriacetic acid (HEDTA),
and 2 m

 

M

 

 2-(

 

N

 

-morpholino)ethanesulfonic acid (MES)
buffer pH 6.0. Depending on the experiment, the nutrient
solution also contained either 1 or 10 µ

 

M

 

 Zn-HEDTA, and
either 0, 0.5 or 20 µ

 

M

 

 CdSO

 

4

 

. The activities of Zn

 

2+

 

 and

Cd

 

2+

 

 in nutrient solutions, as predicted by the chemical
speciation software program 

 

GEOCHEM

 

-

 

PC

 

 (Parker 

 

et al

 

., 1995a)
using equilibrium constants from Smith & Martell (1989),
are listed in Table 1. HEDTA was included in the nutrient
solution at concentrations approx. 20 µ

 

M

 

 higher than the
total concentration of transition metal divalent cations. The
HEDTA functioned to chelate micronutrient metals in
solution and to buffer the chemical activities of free metal
micronutrient cations (Norvell, 1991; Norvell & Welch,
1993; Parker 

 

et al

 

., 1995b). Pots containing seedlings were
placed in a growth chamber with a photon flux density of
1000 µmol m

 

−

 

2

 

 s

 

−

 

1

 

 and a day : night temperature regime of
20 : 15

 

°

 

C with 16 h daylight. Solutions were replaced 12 d
after transplanting to pots.

 

Whole-plant analysis

 

At harvest, seedlings were rinsed in running 12-M

 

Ω

 

 water,
separated into roots and shoots by cutting 0.5 cm above and
below the junction of root and shoot, and dried overnight in
an oven at 60

 

°

 

C. Dried plant materials were weighed and
digested, first in concentrated glass-distilled HNO

 

3

 

 at 120

 

°

 

C,
then in a 1 : 1 mixture of HNO

 

3

 

 : HClO

 

4

 

 at 160

 

°

 

C. The dry
residue was dissolved in 1 ml 0.5 

 

N

 

 HNO

 

3

 

 and analysed for
Cd and Zn via inductively coupled argon plasma emission
spectrometry (ICP-ES; Model 1CAP 61E; Thermo-Jarrell
Ash, Waltham, MA, USA).

 

Uptake and translocation experiments

 

Uptake experiments were performed as described previously
(Hart 

 

et al

 

., 1998a). Briefly, roots of intact 8-d-old seedlings
were rinsed in deionized water and placed in Plexiglas wells
containing 60 ml aerated uptake solution consisting of 5 m

 

M

 

MES–Tris pH 6.0, 0.2 m

 

M

 

 CaSO

 

4

 

 and 12.5 µ

 

M

 

 H

 

3

 

BO

 

3

 

.
Uptake experiments were initiated by addition of varying
concentrations of 

 

109

 

Cd-labeled CdSO

 

4

 

 (3.7 

 

×

 

 10

 

4

 

−

 

1.2 

 

×

 

 10

 

6

 

Bq l

 

−

 

1

 

) to achieve Cd concentrations ranging from 25 n

 

M

Table 1 Cd2+ and Zn2+ activities in nutrient solutions containing 
varying concentrations of Zn-HEDTA and CdSO4

Concentration (µM) Activity (nM)

Zn Cd Zn2+ Cd2+

1 0 0.014 0
1 0.5 0.014 0.018
10 0.5 0.146 0.018
10 20 10.4 51.8

Additional N-(2-hydroxyethyl)ethylenediaminetriacetic acid 
(HEDTA) was supplied at a concentration approx. 20 µM higher 
than the total concentration of transition metal divalent cations. 
Free activities were calculated using GEOCHEM PC (Parker et al., 1995a).



No claim to original US government works. www.newphytologist.org New Phytologist (2006) 172: 261–271
Journal compilation © New Phytologist (2006)

Research 263

to 1.4 µM. In concentration-dependent uptake experiments,
roots were exposed to radiolabeled Cd for 20 min. In time-
dependent Cd-accumulation experiments, uptake solutions
were refreshed at 20-min intervals as appropriate. Aliquots of
uptake solutions taken at the beginning and end of each
20-min exposure interval were measured, and solution
concentrations were calculated based on the average Cd
concentration during each interval. Cadmium depletion from
uptake solutions during the 20-min periods ranged from 18%
in solutions containing 1.4 µM Cd to 70% at 26 nM Cd. At
the end of the uptake period in both time- and concentration-
dependent experiments, uptake solutions were withdrawn
rapidly and replaced with a 2°C desorption solution contain-
ing 5 mM MES–Tris pH 6.0, 5 mM CaSO4, 12.5 µM H3BO3,
0.15 nM ZnSO4 and 100 µM nonradiolabeled CdSO4 to
remove loosely bound 109Cd at the root surface. Following
two 7.5-min desorptions, seedlings were removed from the
wells and placed on damp paper towels. Roots were excised,
weighed and analysed for 109Cd using a gamma counter
(model Auto-Gamma 5530, Packard Instruments, Meriden
CT, USA).

In translocation and long-term Cd-accumulation experi-
ments, roots of intact seedlings were immersed in an aerated
solution containing 5 mM MES–Tris pH 6.0, 0.2 mM CaSO4,
12.5 µM H3BO3, 7 µM EDTA and 109Cd-labeled 0.5 µM

CdSO4 (1.5 × 105 Bq l−1) in a 1-l Erlenmeyer flask. Excess
EDTA (6.5 µM higher concentration than Cd) was included
to buffer Cd2+ free activity at approx. 0.02 nM. Measurements
of 109Cd throughout the experiment showed little or no Cd
depletion from uptake solutions. Experiments were carried
out on a laboratory bench top with continuous unsupple-
mented ambient fluorescent lighting. After appropriate times
up to 96 h, seedlings were transferred to uptake wells where
roots were desorbed as described above. Roots and shoots
were excised (approx. 0.5 cm above and below the root–shoot
junction) and analysed for 109Cd content. The results for the
translocation experiments are presented in units of shoot Cd
accumulation per total plant weight, to reflect the contribu-
tions of both roots and shoots in Cd translocation driven
primarily by transpiration.

Root extractions

Cups containing 26-d-old plants grown in nutrient solution
containing 1 µM Zn and 0.5 µM Cd were removed from pots
and rinsed in running deionized water for 1 min. Cups were
then placed in 5-l pots containing 12 MΩ water for 5 min,
then placed in ice-cold 5 mM CaCl2 for 10 min to remove
root surface-bound Cd2+, and returned to fresh 12 MΩ water
(25°C) for 5 min. Roots were excised approx. 1 cm below the
root–shoot junction, blotted on damp paper towel, weighed
and placed in a −20°C freezer.

Frozen roots were ground in liquid N2 with a mortar and
pestle. Ground root material was transferred to a glass

homogenizer, allowed to thaw, and ground again in 2 vol (w/v)
homogenization buffer [50 mM Tris–HCl pH 8.6, 1 mM

PMSF and 1% (v/v) Tween 20]. The homogenate was centri-
fuged at 48 000 g for 6 min and the supernatant was decanted
and saved. The pellet was resuspended in homogenization buffer
(same volume as first extraction), reground in glass homogenizer,
and centrifuged again at 48 000 g. Re-extraction and centri-
fugation was repeated a total of six times. Supernatants were
combined and centrifuged at 100 000 g for 30 min. Pellets
and combined supernatants were stored frozen at −20°C.
Supernatants were cooled to −80°C, lyophilized and resolubi-
lized in 18 MΩ water to a volume equivalent to the fresh
weight of root at harvest. Pellets and a sample (2.15 ml) of
resolubilized supernatant were analysed for metal content
by ICP-ES. A second sample (2.15 ml) of resolubilized super-
natant was injected onto a gel-filtration column containing
Sephadex G-50, and chromatographed using a run buffer
consisting of 40 mM KCl and 20 mM Tris–HCl. Run buffer
was pumped through the column at a flow rate of approx.
1 ml min−1 at room temperature (25°C). Fractions ranging in
volume from 4.7 to 5.9 ml were collected at 5-min intervals
and the absorbance at 254 nm was recorded continuously.
Samples (4.0 ml) were taken from fractions, dried and
digested as described above for ICP-ES analysis. In some
experiments, subsamples of 1.0–1.5 ml were taken from
selected fractions and frozen at −80°C for later phytochelatin
(PC) analysis.

Phytochelatin analysis

Samples obtained from gel-filtration fractions were lyophilized
and 0.5 mg NaBH4 (powder form) was added, followed by
98.4 µl 18 MΩ water and 1.6 µl 6 N HCl to lower the pH to
approx. 2. Resolubilized samples were vortexed and placed on
ice before analysis via capillary electrophoresis (CE) as described
previously (Hart et al., 2002a). Briefly, 20-µl samples were
added to 30 µl 50 mM borate buffer pH 9.6, 10 µl 10 mM

EDTA and 40 µl 1 mM 5-bromomethylfluorescein (Molecular
Probes, Eugene, OR, USA), a thiol-reactive fluorescent tag.
These 100-µl sample preparations were incubated in a water
bath at 50°C for 20 min. A 50-µl aliquot was transferred to
the CE sample holder for injection. The CE instrument was
a Beckman P/ACE 5510 unit fitted with a 488 nm argon ion
laser module. A 57-cm (50 cm from inlet to detector) fused
silica capillary with 75-µm inside diameter was used. Running
buffer was 50 mM borate pH 10.0. Prior to sample runs, the
capillary was rinsed with 0.1 N NaOH for 15 min, then 18 MΩ
water for 10 min. The protocol for each sample run was a
1-min prerinse with 18 MΩ water, then a 1-min rinse with
running buffer followed by sample injection. Samples were
pressure-injected (0.5 psi) for 5 s. Separation voltage was 30 kV
with a 10-s ramp-up time. The capillary was temperature-
controlled at 30°C. Electropherogram data were collected
using P/ACE STATION (Beckman) software.
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Statistical analysis

Where appropriate, differences between means were analysed
using Student’s t-test. Differences were considered significant
when P values were < 0.01.

Results

Time- and concentration-dependent kinetics of root 
cadmium accumulation

The time-dependent kinetics of root Cd2+ accumulation in
seedlings of both isolines was linear for at least the first 60 min
of exposure to solutions containing 160 nM Cd2+ (Fig. 1a), a
free activity higher than the Km values derived in Fig. 2. Longer-
term Cd2+ accumulation from a solution containing a free
Cd2+ activity of 0.02 nM began to show saturation after approx.
24 h (Fig. 1b). The lower Cd2+ level was used in an effort to

mimic field soil solution concentrations. No difference in Cd
accumulation was observed between the two isolines in either
experiment.

Concentration-dependent root unidirectional Cd2+

influx in both isolines was nonsaturating over a range of Cd2+

activities from 20 to 1400 nM (Fig. 2). Uptake curves were
dissected mathematically into linear and saturable compo-
nents. Previous experiments with durum wheat (Hart et al.,
1998a) showed that the linear component represented unde-
sorbed binding of Cd2+ to the root apoplasm, while the
saturable component corresponded to true influx of Cd2+

across the root-cell plasma membrane. In the experiments
here, the linear components were derived from the five highest
concentration data points and had slopes of 0.029 (r 2 =
0.982) and 0.027 (r 2 = 0.999) nmol g−1 FW nM−1 for the
low- and high-Cd-accumulating isolines, respectively. The
calculated saturable components of the two isolines had
nearly identical kinetic constants (Fig. 2).

Fig. 1 Time-dependent accumulation of Cd2+ in intact seedling roots 
of low- (open symbols) and high-cadmium-accumulating (closed 
symbols) near-isogenic lines of durum wheat (Triticum turgidum var. 
durum). Roots were exposed to solutions containing 160 nM (free 
activity) 109Cd (a) or 0.02 nM (free activity) 109Cd (b) for the durations 
shown. Data points and error bars represent means (n = 4) and SEM. 
Error bars do not extend outside some data points.

Fig. 2 Concentration-dependent 109Cd2+ uptake in intact seedling 
roots of low- (a) and high-cadmium-accumulating (b) near-isogenic 
lines of durum wheat (Triticum turgidum var. durum). Linear (dotted 
line) and saturable (open symbols) components were derived from 
experimental data (closed symbols) by subtracting the equation for 
the regression line plotted through the five highest concentration 
data points. Vmax and Km values of saturable components were 
calculated by fitting a hyperbolic curve function to the saturable 
points. Data points and error bars represent means (n = 4) and SEM. 
Error bars do not extend outside some data points.



No claim to original US government works. www.newphytologist.org New Phytologist (2006) 172: 261–271
Journal compilation © New Phytologist (2006)

Research 265

Cadmium partitioning and translocation

In seedlings grown in nutrient solution containing total
concentrations of 0.5 µM Cd and 10 µM Zn, which results in
a free Cd2+ activity of 0.02 nM and a Zn2+ activity of 0.15 nM

(Table 1), root Cd concentrations increased until day 8, then
declined slightly through day 20 (Fig. 3a). Beginning on the
fifth day and continuing through day 20, roots of the low-Cd-
accumulating isoline seedlings had higher Cd concentrations
than the high-Cd-accumulating isoline (Fig. 3a). Shoot Cd
concentrations were higher in the high-Cd accumulator,
beginning with the earliest measurement on day 2 and
continuing at each measurement through day 20 (Fig. 3b).
Cadmium concentrations in shoots generally continued to
increase over the entire 20-d measurement period in the high-
Cd-accumulating isoline, while they appeared to reach a
maximum level in seedling shoots by day 11 in the low-Cd
accumulator. In contrast to Cd, Zn concentrations in both
roots and shoots differed little between isolines over the 20-d

measurement period (Fig. 4). While the nutrient solution
free activity of Zn was c. eight times higher than Cd (Table 1),
Zn tissue concentrations were 8–30 times higher than Cd
tissue concentrations in roots and 30–200 times higher in
shoots.

Analysis of 24-d-old seedlings grown in 0.5 µM Cd and
1 µM Zn (see Table 1 for free activities), which were used for
root extraction, showed a similar trend, but more marked
differences in Cd distribution between roots and shoots
(Table 2). Cadmium concentrations in shoots were more than
threefold higher in the high- than in the low-Cd-accumulating
isoline, while the mean Cd concentration in roots was lower
(significant at P = 0.06, t-test). The resulting root : shoot ratio
of Cd concentration was five times higher in the low- than in
the high-Cd-accumulating isoline. The low-Cd-accumulating
isoline also had lower total Cd concentrations in whole seed-
lings (roots and shoots combined).

Analysis of 109Cd translocation from roots to shoots
revealed that the two isolines began to show differences by

Fig. 3 Cadmium concentrations in roots (a) and shoots (b) of 
seedlings of low- (open symbols) and high-Cd-accumulating (closed 
symbols) near-isogenic lines of durum wheat (Triticum turgidum var. 
durum) through 20 d growth. Plants were grown in nutrient solution 
containing 0.5 µM Cd (0.02 nM free activity) and 10 µM Zn (0.15 nM 
free activity). Error bars represent the SEM of four replicates. 
Significant differences between isolines as determined by Student’s 
t-test are indicated by * (P = 0.01).

Fig. 4 Zinc concentrations in roots (a) and shoots (b) of seedlings 
of low- (open symbols) and high-cadmium-accumulating (closed 
symbols) near-isogenic lines of durum wheat (Triticum turgidum var. 
durum) through 20 d growth. Plants were grown in nutrient solution 
containing 0.5 µM Cd (0.02 nM free activity) and 10 µM Zn (0.15 nM 
free activity). Error bars represent the SEM of four replicates. There 
were no significant differences between isolines as determined by 
Student’s t-test at P = 0.01.
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36 h after continuous exposure to radiolabeled Cd, and that
differential translocation became more pronounced at the
later time points of the experiment (48–96 h Cd exposure;
Fig. 5). Although both isolines showed a continuous increase
in Cd movement to shoots, the increase in Cd accumulation
in the high-Cd-accumulating isoline was considerably greater.

Cadmium storage

Fractionation of the soluble portion of root extracts by gel
filtration revealed that Cd is contained in discrete peaks separated
on the basis of molecular weight (Fig. 6). In plants grown in
nutrient solution with relatively high Cd concentrations
(20 µM; 52 nM free Cd2+ activity), two Cd-containing peaks
were evident, with a lower molecular weight (LMW) peak

containing quantitatively more Cd than a higher molecular
weight (HMW) peak (Fig. 6a). When grown in solutions
containing a lower Cd concentration (0.5 µM; 0.02 nM free
Cd2+ activity), a single Cd-containing peak was observed and
much lower Cd concentrations were measured in fractions of
this peak (Fig. 6b) compared with fractions from roots grown
under higher Cd concentrations (Fig. 6a). Sulfur was also
present in both HMW and LMW peaks of plants grown
under both Zn concentrations, and coincided with both Cd
and Zn (Fig. 6a,b). Zinc was also present with Cd in fractions
from the LMW peak in both treatments (Fig. 6a,b). The data
presented in Fig. 6(a,b) are representative of several repeated
gel filtration runs: chromatograms from the two isolines were
similar. For both isolines, all the Cd in the soluble portion of
root extracts from low-Cd-grown seedlings was contained in
the LMW peak (Table 2). The insoluble portion (pellet) of
root extracts contained 12–16% of the total cadmium in roots,
with no statistically significant difference between isolines
(Table 2).

Characterization of LMW cadmium-containing peak

In gel-filtration experiments, the LMW Cd-containing
peak eluted later than the molecular weight marker baci-
tracin, indicating that Cd-containing complexes had a
molecular weight < 1423 Da (Fig. 7a). Fractions collected

Parameter Low-Cd accumulator High-Cd accumulator

Cd concentration in root (µg g−1 FW) 0.382 (0.027) 0.265 (0.043)
Cd concentration in shoot (µg g−1 FW) 0.096 (0.007)* 0.330 (0.006)*
Root : shoot Cd concentration ratio 4.11 (0.56)* 0.814 (0.143)*
Cd concentration in seedling (µg g−1 FW) 0.250 (0.006)* 0.303 (0.032)*
Soluble Cd in LMW peak (%) 102 (3) 97 (6)
Insoluble Cd in extract (% of total Cd) 16 (2) 12 (1)

Values represent means (SEM) of four replications. Significant differences between isolines as 
determined by Student’s t-test are indicated by * (P = 0.01).
HEDTA, N-(2-hydroxyethyl)ethylenediaminetriacetic acid; LMW, low molecular weight.

Table 2 Concentrations of cadmium in 
seedlings and root extracts of low- and high-
Cd-accumulating isolines of durum wheat 
(Triticum turgidum var. durum) grown for 
24 d in nutrient solutions supplied with 
0.5 µM Cd-HEDTA (0.02 nM free Cd2+ 
activity)

Fig. 5 Cadmium concentrations in shoots of seedlings of low- (open 
symbols) and high-Cd-accumulating (closed symbols) near-isogenic 
lines of durum wheat (Triticum turgidum var. durum). Intact seedling 
roots were immersed continuously in a solution containing 0.02 nM 
(free activity) 109Cd for the length of time indicated, after which roots 
were desorbed with 100 µM Cd and shoots were analysed for 109Cd. 
Results are presented in units of shoot Cd accumulation per total 
plant FW to reflect the contributions of both roots and shoots in 
transpiration-driven translocation. Data points and error bars 
represent means (n = 4) and SEM. Error bars do not extend outside 
some data points.

Table 3 Contents of PC2 and cadmium in fractions shown in Fig. 7, 
obtained from gel filtration of extracts from 24-d-old seedling roots 
of a high-Cd-accumulating isoline of durum wheat (Triticum 
turgidum var. durum) grown in 0.5-µM Cd-HEDTA (0.02 nM Cd free 
activity)

Fraction 
number nmol PC2 nmol Cd PC2 : Cd nmol Zn PC2 : Zn

51 0.493 0.206 2.4 2.63 0.19
53 0.969 0.447 2.2 2.76 0.35
55 0.812 0.257 3.2 1.12 0.74

PC, phytochelatin; HEDTA, N-(2-
hydroxyethyl)ethylenediaminetriacetic acid.
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from gel-filtration runs were analysed by capillary electro-
phoresis and the resulting peaks were compared with PC and
glutathione standards. Results showed that a peak corre-
sponding to PC2 (where PCn refers to PC chain lengths of n
repeating glutathione subunits) increased and decreased in
magnitude in concert with Cd concentration in five fractions
selected from the LMW peak (Fig. 7b–g). No PCs were
detected in fractions outside the LMW peak. Glutathione, a
precursor to PCs, exhibited the same pattern of concentration
in the five fractions, while no peaks corresponding to PC3
were detected in any of the five fractions. Comparisons of
calculated concentrations of PC2, Cd and Zn are shown in
Table 3. The predicted molecular weight of a complex consist-
ing of two PC2 and two Cd moieties is approximately 1305,
which is consistent with the elution of the LMW peak after
bacitracin observed in Fig. 7(a).

Discussion

The use of near-isogenic lines of durum wheat that differ in grain
Cd accumulation offers a means of deducing the function of

a gene locus responsible for differential Cd accumulation.
Considering that the differential Cd-accumulation trait in
these isolines is likely to be controlled by a single gene or a
group of closely linked genes, identification of differences in
physiological responses in the two isolines may ultimately lead
to knowledge of the function of the gene locus in question.

The absence of differences in time- or concentration-
dependent Cd uptake between isolines (Figs 1, 2) shows that
the low grain Cd trait is not directly related to root Cd uptake.
Thus the gene responsible for low grain Cd is not likely to
encode a protein associated with Cd influx across the plasma
membrane. A lack of correlation between Cd root uptake and
ultimate seed Cd concentrations has also been noted in other
comparisons of durum wheat cultivars (Chan & Hale, 2004;
Harris & Taylor, 2004).

Kinetic constants for Cd influx (Fig. 2) were similar to
those reported previously for another durum wheat cultivar
using the same technique (Hart et al., 1998a). However, the
kinetic constants differed from those reported by Harris &
Taylor (2004), who reported much lower Vmax values and
higher Km values in near-isogenic lines that are closely related

Fig. 6 Gel-filtration chromatography of 
buffer-soluble extracts of roots of a low-
cadmium-accumulating isoline grown in 
52 nM (free activity) Cd (a); and a high-Cd-
accumulating isoline of durum wheat 
(Triticum turgidum var. durum) grown in 
0.02 nM (free activity) Cd (b). Histograms 
show the content of Cd, zinc and sulfur in 
fractions of high-molecular-weight (HMW) 
and low-molecular-weight (LMW) peaks. 
Fractions volumes were 4.55 ml (a); 5.46 ml 
(b). The continuous trace represents A254.
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to those used in this study. It is possible that the discrepancy
in kinetic constants is the result of differences in desorption
techniques. In this and previous studies with Cd2+ and Zn2+

(Hart et al., 1998a; 1998b), roots were desorbed with a rela-
tively high concentration of nonradiolabeled metal, while
Harris & Taylor (2004) used the metal chelator DTPA in
their desorption regimen. DTPA has high-affinity constants
for both Cd2+ and Zn2+, and presents a risk for stripping Zn2+

from membranes, which may result in loss of membrane
integrity (Welch & Norvell, 1993). The nearly linear Cd2+

uptake isotherms and very low rates of Cd2+ influx reported

by Harris & Taylor (2004) suggest that some transporter-
mediated Cd taken up previously may have been released by
subsequent Cd leakage from root cells during the desorption
process.

It is likely that differential partitioning of Cd between
roots and shoots is the basis for ultimate differential grain Cd
accumulation in the two isolines studied here. A similar
conclusion was reached in studies of nonisogenic low- and
high-Cd-accumulating durum wheat cultivars (Chan & Hale,
2004) and near-isogenic lines (Harris & Taylor, 2004), also
grown in low, field-mimicking Cd concentrations. That shoot

Fig. 7 (a) Gel-filtration profile of 
buffer-soluble extract from roots of a 
high-cadmium-accumulating isoline of 
durum wheat (Triticum turgidum var. 
durum) grown in 0.02 nM (free activity) 
Cd. Gel-filtration run included 12 mg 
bacitracin as a molecular weight marker. 
(b) Electropherogram of thiol standards. 
(c–g) Electropherograms of samples 
from gel-filtration fractions shown in (a): 
(c) fraction 43; (d) 51; (e) 53; (f) 55; (g) 63.
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Cd concentrations were different between isolines after only
36 h exposure to radiolabeled Cd (Fig. 5) suggests that differ-
ential movement of Cd from roots to shoots through the
xylem was the fundamental process in differential root–shoot
partitioning. The pattern of higher shoot Cd concentrations
in the high-Cd-accumulating isoline throughout the first 20 d
of growth (Fig. 3b), and subsequently through maturity in
both vegetative and reproductive parts (Hart et al., 2005), can
be accounted for by differential root-to-shoot translocation
through the xylem. One possible mechanism that could
account for differential xylem translocation of Cd to shoots is
the loading of Cd into xylem tissues for transport to shoots.
It was recently reported that root-to-shoot translocation of Zn
and Cd can be enhanced by overexpression of AtHMA4, a
plasma-membrane heavy metal ATPase that mediates Zn and
Cd efflux from plant cells and may be involved in xylem metal
loading, in roots of Arabidopsis thaliana (Verret et al., 2004).
Possibly, a similar transporter in durum wheat may play a role
in translocation of heavy metals to shoots, and that differen-
tial functioning or expression of such a transporter could
account for differences in translocation of Cd to shoots in the
two isolines studied here.

Although xylem transport of Cd to shoots is likely to be an
important primary process underlying differential partition-
ing of Cd in the two isolines, retranslocation of Cd from
shoots to roots via phloem probably also contributes to whole-
plant Cd partitioning. Retranslocation to roots has been
observed in other studies with Cd in durum wheat (Harris &
Taylor, 2001) and other wheat genotypes (Cakmak et al.,
2000). Cadmium translocation through the phloem has also
been shown to occur in movement from one isolated root
section to another (Welch et al., 1999), as well as in loading
of seeds (Herren & Feller, 1997). In both cases, the presence
of Zn inhibited Cd translocation. In this study, the higher
root : shoot Cd ratio in plants grown in nutrient solutions
containing low Zn concentrations (Table 2 vs. Fig. 3) suggests
that Zn influenced xylem translocation from roots to shoots,
possibly at the point of xylem loading. Herren & Feller (1997)
showed that when excised shoots were placed in solutions
containing Cd, Zn did not inhibit Cd movement into leaves,
suggesting that Zn is not effective in altering Cd movement
to shoots when root cell membranes are absent. A previous
study (Hart et al., 2005), using the same isolines as this study,
showed that increasing the level of Zn in nutrient solution can
reduce grain Cd concentrations. In that study, decreased Cd
uptake caused by competition for transport at the plasma
membrane of root cells (Hart et al., 2002b) was cited as the
primary factor in determining ultimate grain Cd concentra-
tions. However, it is also possible that differential rates of
xylem loading in the two isolines may also play a role, and that
Zn may also have inhibited loading of Cd into xylem. At any
rate, the higher levels of Cd partitioned into shoots in the
high-Cd-accumulating isoline represent the likely source of
increased Cd concentrations loaded into seeds via the phloem.

Although a difference in shoot Cd concentrations between
isolines appeared within 2 d after exposure to Cd (Fig. 3a),
a difference in root Cd concentrations was not measured
until at least 4 d after exposure (Fig. 3b). The consistently
higher subsequent root Cd concentrations in the low-Cd-
accumulating isoline probably came about because of the
lower relative Cd translocation rate to shoots in this isoline
(Fig. 5). While lower root-to-shoot translocation could have
been caused by reduced Cd loading into the xylem, cellular
sequestration of Cd in root cortical cells would also inhibit
movement of Cd to the stele, resulting in less movement of
Cd to shoots and greater Cd concentrations in roots.

The possibility was investigated that the low-Cd-
accumulating isoline sequestered more Cd in the roots as PC
complexes. It is apparent from the data in Figs 6, 7 and Table 2
that all soluble Cd in roots of plants of both isolines grown in
low Cd concentrations is stored as a low-molecular-weight
complex with PCs. Based on the relative molecular weight in
comparison with bacitracin (Fig. 7a), it appears that much of
the stored Cd may be in the form of (PC2)2Cd2, with a mole-
cular weight of approx. 1305. Rauser (2003) reported that, in
maize, the Cd-binding PCs in an LMW peak, similar to that
shown in Fig. 6(b), consisted of a variety of small-chain-length
(γ-glu-cys)n peptides. Data from the same report (Rauser, 2003)
showed that the LMW peak predominated in the earliest
measurement after initial plant exposure to Cd; subsequently
the size of the HMW peak increased relative to the LMW
peak. In this work, only the LMW peak was seen in roots
grown at low Cd concentrations (considerably lower Cd
activity than those used by Rauser, 2003); at higher Cd con-
centrations both peaks were observed (Fig. 6a,b). This pattern
suggests that components of the LMW peak are formed
initially when Cd levels are low; when Cd concentrations
increase, components of the HMW peak begin to form. This
hypothesis is supported by the emergence of an HMW peak
when plants were grown in higher levels of Cd (Fig. 6a).

Interestingly, the mechanism responsible for reduced Cd
translocation to shoots appears to be specific for Cd; there was
little difference between isolines in root or shoot Zn concen-
trations (Fig. 3). This pattern was also observed by Harris &
Taylor (2004) in related durum wheat isolines, and suggests
that the physiological mechanism underlying differential Cd
partitioning affects Cd to a greater degree than Zn. It is note-
worthy that PCs have been demonstrated to have a higher
binding affinity for Cd than for Zn (Cruz et al., 2005), which
might suggest that differential synthesis of PCs in the two
isolines could lead to differential sequestration of Cd in root
cells. However, it appears that synthesis of PCs is not the
limiting factor in the compartmentation of Cd in either
isoline, as all soluble Cd in roots of both isolines was associated
with the PC-containing LMW peak (Table 2). Furthermore,
both isolines had the capacity to synthesize and store much
higher concentrations of Cd-PC (in the form of both LMW
and HMW complexes) when seedlings were grown on higher
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Cd concentrations (Fig. 6a; data for high-Cd-accumulating
isoline were similar). Although PC profiles for only the high-
Cd-accumulating isoline are presented (Fig. 7), it is highly
likely that the low-Cd-accumulating isoline exhibits a similar
pattern. Thus it seems improbable that the gene locus associ-
ated with low grain Cd levels is involved with PC synthesis.

The coincidence of both Zn and S in the LMW Cd-containing
peak (Fig. 6b) is also of interest. It is perhaps not surprising to
find S in fractions that contain thiol-rich PCs, but the basis
for the much higher contents of S compared with Cd is not
obvious, nor is the fact that the highest concentrations of S in
total soluble root extracts were found in fractions of the LMW
peak. Sulfide has been shown to be associated with PC–Cd
complexes (Speiser et al., 1992; Rauser, 2000) and may repre-
sent some of the S measured in the LMW peak in this study.
The electropherograms of fractions taken from an LMW peak
(Fig. 7) show the presence of glutathione and other unidenti-
fied thiol-containing components, which may also contribute
to the total S measured in these fractions.

Perhaps of greater interest are the relatively high levels of
Zn in the same LMW fractions that contain Cd and PC
(Fig. 6a,b). This pattern suggests that Zn, too, may have been
associated with PCs in LMW complexes. Cruz et al. (2005)
recently reported relative stability constants for Cd2+ and Zn2+

binding with PC3, and although PC3 apparently displayed a
higher binding affinity for Cd than for Zn, complexing of PC
with Zn was demonstrated. In the absence of Cd, or when Cd
is present at very low levels, as in this study, it seems likely that
PC–Zn complexes should be present in root cells. In fact,
Zn : Cd molar ratios of 4.5–13 were measured in fractions
from the LMW peak (Table 3), suggesting that more Zn than
Cd may have been associated with PCs. These data suggest
that PCs may play a role in binding, storage and cellular
homeostasis of Zn as well as Cd.

The physiological mechanism responsible for differential
movement of Cd from roots to shoots remains unclear. Results
from this study show that Cd in roots is located in vacuoles as
PC complexes in both isolines, suggesting that Cd vacuolar
influx is not different in the two isolines. However, it is
possible that movement of Cd out of vacuoles could differ
between isolines and ultimately affect translocation of Cd to
shoots. Although transport processes involved with vacuolar
influx of Cd have been identified (Cobbett & Meagher, 2002),
similar mechanisms that control movement of Cd outward
across the tonoplast in higher plants are less well understood.

Loading of Cd into the root xylem could also account for
differential translocation of Cd to shoots in the two isolines.
The mechanism(s) responsible for loading of Cd into xylem
have not been well characterized, but several transporters from
the P-type family of plasma membrane ATPases have been
implicated in the loading of Zn, Cd and other micronutrients
and heavy metals into the xylem. In Arabidopsis, it has been
shown that the heavy metal association (HMA) ATPase trans-
porters HMA2 and HMA4 are localized to the root vascular

tissue, and when both are knocked out, xylem loading of Zn
and Cd is inhibited (Hussain et al., 2004). Thus it is possible
that differences in root Cd retention in the two isolines may
be caused by a differential transport function of a transporter
in the HMA subfamily that plays a role in metal loading into
the xylem. Another possible difference in Cd translocation
from the root could involve the transport of Cd-binding
organic ligands into the xylem. It has been shown that the
loading of nickel into the xylem can be enhanced by providing
free histidine to roots in Alyssum and Brassica species (Kerkeb
& Krämer, 2003), and also that in a Ni-hyperaccumulating
ecotype of Alyssum lesbiacum, high levels of histidine in the
xylem correlate with high Ni translocation to the shoot
(Krämer et al., 1996). For Cd, it is possible that a ligand
such as nicotianamine, which has been implicated in xylem
movement of metals (Pich et al., 1994), could play a role in
durum wheat.

Whatever mechanism is responsible for differential Cd
translocation to shoots in these isolines, it is important to note
that the effect is specific to Cd and not Zn (cf. Figs 3, 4). If a
transporter gene is ultimately responsible for differential
transmembrane movement of Cd, the difference must lie in
the function of the transporter, not in differential gene expres-
sion. Perhaps the active site on a transporter is altered to allow
interaction and movement of Cd but not Zn. Additional
investigation into specific Cd fluxes within root cells and
among root tissues will be required to achieve an understand-
ing of the mechanism(s) underlying differential movement of
Cd to shoots in the two isolines studied here.
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